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In-Pile Measurement of UO,. Thermal Conductivity

by

M. G. Balfour, J. A. Christensen,¥* and H. M. Ferrari

Abstract

210277

In-pile effects of stoichiometry and grain growth on UO2 thermal con-

ductivity were studied in instrumented fuel capsules. Results show
that columnar grain growth has no significant effect on heat transfer

in UOE fuels. Migration of lenticular voids during irradiation was

shown to have an important effect on fission product redistribution.

Irradiation of a UQ capsule showed a mean thermal conductivity

1.9k41
nearliy 20 percent higher than in a UO

ditions. \/<CQAJD€%{6YZ/

2.005 capsule under similar con-

¥Now employed at Battelle-Northwest Laboratories, Richland, Wash.
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I.

INTRODUCTION

A.

Background

Uranium dioxide thermal conductivity is a critical parameter in the
design of high-performance reactor fuel elements utilizing this mat-
erial in bulk form. Dimensional stability, fission gas release,

and special requirements for fuel containment are highly temperature-~
dependent and determined principally by operating power level and
fuel thermal conductivity. Due to these factors it is highly impor-
tant to obtain direct, precise measurements of thermal conductivity
and a thorough understanding of the basic mechanisms responsible for

in-pile behavior of UO2 fuels.

There has been an intensive investigation of UO2 thermal conducti-
vity in both in-pile and out-of-pile tests in recent years. However,
the nature of the material has made it extremely difficult to ob-
tair accurate and comprehensive information. UO2 is highly refrac-
tory (melting point 2800°C) and is used as a fuel at temperatures

up to or exceeding melting. The relatively low thermal conductivity
results in steep thermal gradients in conventional rod-type elements.
In addition, the compositional and structural changes associated
with fission heating further complicate heat transfer within operat-
ing fuel elements. These changes unfortunately are not reproducible

under laboratory conditions, therefore making out-of-pile experiments

of limited value for design purposes.

In-pile thermocouple measurements of UO2 thermal conductivity have
generally been limited(l—g)to relatively low-temperature measurements.
This reflects the inability of thermocouples to withstand the high

temperature (T>1600°C) UO. environment for significant periods of

2

-1-



time, High-temperature thermal conductivity has had to be inferred
from the examination of irradiated fuel cross-sections involving
assumptions as to the temperatures required to cause microstructural

changes during irradiation. A lack of precision has been the rule.

Laboratory data on the high-temperature thermal conductivity of UO2
(10)

single crystals have led to the postulate that microstructural
changes ocarring during irradiation grossly alter the thermal con-
ditions existing within bulk UO2 fuel elements.(l3)

of the single-crystal data suggests that the thermal conductivity

Extrapolation

of U02 single crystals above 1800°C is five to ten times greater
than that of polycrystalline material. If this is so, the in-pile
formation of an essentially single-crystal columnar grain struc-

ture in UO, fuels should result in a marked decrease in fuel temp-

2
eratures. This increase in thermal conductivity in regions of grain

growth was originally postulated to result from enhanced radiant

(11) (12)

heat transfer. However, recent theoretical analyses of heat

transfer mechanisms in UO2 refute this explanation.

The formation of long, porosity-free columnar grains in UOQO_ fuel rods

2
is believed to be caused by migration of voids toward the fuel cen-
. L
ter by a vapor-condensation mechanism.(lB’l ) The UO2 vaporizes on

the hot edge of such a void, diffuses through the gaseous medium

within the void, and condenses on the cold side, causing a net mass

movement. Although this theory has been employed to analyze the
(13)

thermal behavior of fuel elements, the effect of void size on

migration rates is not known, nor is their genesis fully understood.

Other studies indicate that slight variations in stoichiometry may
6,1

grossly affect heat transfer. Out-of-pile measurements(lS’l »17)

have shown that the thermal conductivity of U02 is enhanced or de-

presed by lowering or raising, respectively, the 0/U ratio of the

-D



specimen., A significant increase in thermal conductivity above

(15)

1400°%C in a UOl 99 specimen was attributed to a high-temperature

electronic contribution to heat transfer. By properly adjusting

the initial stoichiometry in UO, fuel, it may be possible to signi-

2

ficantly improve fuel element performance. Theoretically, the heat

rating for center melting in hypostoichiometric fuels approaches

150% of that in conventional, stoichiometric or slightly hyper-
(18)

stoichiometric uranium dioxide .

Recent in-pile experiments(l9) show an improvement in thermal con-
ductivity for U02_X at temperatures around 1200°cC. However, this
probably is due to radiant transfer, since an electronic contribu-
tion to UO, thermal conductivity should not be significant below

2
1400°¢.

Experimental Objectives

The experiment was designed to measure and analyze the temperature

distributions in U0, fuel elements during operation. The experi-

2
ment was primarily concerned with thermal effects, rather than

irradiation effects. Specifically, the experimental objectives were:

1) To obtain direct measurements of UO2 thermal conductivity in-
pile to high temperatures (>2000°C).

2) To determine the effect of columnar grain growth on thermal con-
ductivity.

3) To determine the effect of void size and distribution on the
formation of columnar grains,

L) To test the hypothesis that electronic heat transfer in hypos-
toichiometric U0, can significantly improve fuel element per-

2
formance.



II. Experimental Apparatus

A,

General Description

Three instrumented test capsules were irradiated for one to two days

in the beryllium reflector of NASA's Plum Brook Reactor (Figure 1).

Capsule I was irradiated in the RA6 test hole, and Capsule II and
III in RA6 and RA3, respectively. Each capsule was of the same
physical design (Figure 2) and contained seven W-5% Re/W-26% Re

thermocouples uniformly distributed in the U0, fuel, plus three

2
Chromel-Alumel thermocouples in the annular NaK calorimeter. In-

cluded in the test were:

1) A single capsule designed to operate at 18 kw/ft for 2L hours.
The purpose was to determine the thermal conductivity of the
UO2 fuel by measuring continuously the temperature variation.
The effect of columnar grain formation on thermal conductivity
was to be determined. In addition, a fuel pellet was drilled
with holes of various sizes and locations to investigate void

migration kinetics (Figure 5A).

2) Two capsules, one fueled with UOQ.005 and the other with U01.9h1’
each designed to operate at 22 kw/ft for 50 hours. This test
was intended to show whether or not hypostoichiometry in uranium
dioxide contributes to a substantially improved thermal con-

ductivity, as suggested by out-of-pile experiments.

Experimental Assembly

The experimental assembly comprised: (1) the capsule proper con-
sisting of an outer support or basket and an inner capsule assembly

containing the thermocoupled UO, fuel; (2) a lead tube section ex-

2
tending from the capsule through a reactor instrumentation port to

a location exterior to the reactor pressure vessel; (3) thermocouple
terminal assembly (Figure 1) and (U4) appropriate instrumentation to

permit continuous recording of the fuel temperatures during irradiation.



The capsules were irradiated in the beryllium reflector. The cap-
sule and capsule holder assembly were designed to replace the exist-
ing beryllium RA hole plug. Heat generated in the fuel pins was
removed by the primary coolant water (%1350F.) flowing upward around
the capsule at an estimated 27.2 gpm with a 5.0 psi pressure drop.
The principal components in the inner capsule assembly included the

fuel pellets, the inner and outer fuel cans, and the thermocouples.

Cold-worked (10%) type 348 stainless steel tubing was used for both
the primary and secondary fuel cladding; the wall thicknesses were
0.025 inches and 0.050 inches respectively.' The end plugs were
machined from ASTM A276 type 304 stainless steel. The two cans were
separated by a 0.060 inch annulus filled with NaK (L4LL4% Na-56% K)

which served as a heat transfer media and calorimeter.

The cold fuel-to-clad diametral gap was nominally 0.025 inches.
Helium at one atmosphere pressure was introduced into the inner fuel
can during the final seal welding. Normal operating pressure for

this gas was 1.8 atmospheres.

Six tantalum-sheathed, W-5% Re/W-26% Re thermocouples were posi-
tioned in the fuel at two radial positions on three radii spaced
120° apart, as shown in Figure 3. A similar W-26% Re-sheathed
thermocouple was located at the fuel center line. The thermocouple
wells were ultrasonically drilled in the fuel pellets to a diameter

of 0.068 inches.

The thermocouple probe sheaths were 0.062 inches in diameter with
a wall thickness of 0.012 inches. The thermocouple probe sections
were insulated with vitrified BeO and had grounded hot Jjunctions to
provide rigid mechanical support for the brittle tungsten thermo-

element near the weld region.



The thermocouple extension sheaths were of type 348 stainless steel
and the transition from the refractory metal probe sheaths was
accomplished by an interference fit and an "A" nickel braze. In
addition, three 0.042 inch diameter stainless steel sheathed
Chromel-Alumel thermocouples were positioned in the sodium annulus

in the same relative positions as the fuel thermocouples.

All joints in this assembly were tungsten-inert-gas welded with the
exception of the extension sheath to probe transition discussed
above. The complete thermocouple-end plug assembly, consisting of
seven refractory metal thermocouples, three Chromel-Alumel thermo-
couples, and inner and outer end plugs, was supplied as a fabricated
assembly by the vendor. The assembly was completely unitized in

construction (Figure k).

A multichannel strip chart recorder was used to continuously moni-
tor the output from the fuel thermocouples. This instrument func-
tioned solely as a recorder and was not interconnected with any
reactor instrumentation. A second multichannel recorder was used
to monitor the three Chromel-Alumel thermocouples immersed in the
NaK annulus. Additional instruments required for the experiment
included a precision potentiometer for calibration checks on the
thermocouple output recorder, and an cohm-meter to check thermocouple

continuity after installation of the capsule in the reactor.

UQ,, Design Parameters

1. Physical Parameters

The fuel section in each capsule contained a column of nine UO2
pellets, each nominally 1.250 inches in diameter and 0.5 inches
long (total fuel length of 4.5 in.). Detailed dimensions are
given in the Appendix. Capsule I contained 95% T. D. UO2.005
containing 0.64 w/o U-235. Capsule II fuel was identical except
for an enrichment of 0.82 w/o U-235. Capsule III contained



0.82 w/o U-235, with an o/u ratio of 1.941 in the seven center
pellets, with UOE.OOS end pellets. Capsules I and II each con-
tained one pellet (#6) in which spirally distributed artificial
voids were drilled ultrasonically in the pellet face to dia-
meters of 0.010, 0.020, and 0.040 inches, and to a depth of
0.094 inch. TFigure S5A shows this pellet in Capsule I before

irradiation.

Thermal and Irradiation Design

The design heat ratings are given in Table I, along with irra-

diation time and reactor cycles.

TABLE 1
IRRADIATION DESIGN PARAMETERS

Irradiation Reactor
Reactor MW Kw/ft Time (Hours) (Cycle

Capsule I, UOQ.005 33.3 18 2L 25
Capsule II, U0, .. 39.0 20 50 o7
Capsule III, UO 39.0 22 50 27

1.9

Variable reactor power was scheduled to provide sufficient flex-

ibility to achieve the desired UO, operating power and temperatures.

Final reactor power levels (MW) wire selected from the observed
temperatures as the reactor was brought up to power in steps.
In order to achieve identical heat ratings in the latter two
capsules, they were irradiated simultaneously in symmetrical

flux positions (RA6 and RA3).

To offset the extreme neutron gradients in this region, a boronated
stainless steel liner of variable thickness, designed to flatten
the flux within the capsules, was added to the flow basket which
supports the experimental capsules. Boron distribution was deter-

mined from calculations and from mockup experiments.



III.

EXPERIMENTAL RESULTS

A.

Time - Temperature Measurements

1.

Capsule I was irradiated during October, 196k, for a period of

24 hours. Time-temperature-reactor power relationships are shown
in Figure 6. It was necessary to go to higher reactor and fuel
power levels than intended (Table 1) to achieve the desired

UO, operating temperatures (>2000°C). All ten thermocouples
performed satisfactorily during the first seven hours of the
test. During this period, the center temperature was increased
to 175000, held constant at this temperature for 90 minutes,

and then quickly increased to 203000. Although extensive colum-
nar grain growth occurred, no evidence of an elevated temperature
increase in thermal conductivity during irradiation was observed.
Figure 6 shows a slight increase in fuel temperature with time
which reflects the slight upward neutron flux drift which occurr-

ed during the test, as verified by a gradual increase in the

temperature gradient between the NaK and the cooling water.

At peak power, two of the three "inner ring" thermocouples opera-
ting at 185000 began to drift slowly downward until they sta-
bilized, after 6 hours, at 1600°C. This must be interpreted

as failure of these thermocouples since their behavior is ano-
malous with respect to the other five couples in the fuel and
since other laboratories have observed similar behavior of

these thermocouples at 1850°C and sbove. Such "failures" may

be related to tantalum diffusion from the sheath to the ground-
ed hot junction with a resulting change in thermoelectric char-

acteristics.

Capsules II and III were irradiated at 25 Kw/ft peak power levels

for thirty hours. During this period, maximum fuel center tem-
peratures of 2300°C were measured in both capsules (Figures 7

and 8). The capsules operated at heat ratings which differed by



B.

less than 6% ( the maximum sensitivity of the NaK calorimeters).
This close flux control was achieved by using symmetrical ref-
lector positions and by special loading of the reactor core.
Some compensation for flux assymmetry could be achieved by
adjusting shim rod positions; however, this additonal flexi-
bility proved unnecessary. As with Capsule I, no apparent
change in UO2 thermal conductivity occurred during irradiation.

On approach to power, the UO (Capsule III) operated, as

1.941
expected,¥* at slightly lower temperatures than did the UO

(Capsule II). When reactor power stablized at 53 MW, howi%gg?
temperatures were nearly identical in both fuel cores. Shortly
thereafter, the center thermocouple in Capsule III failed. This
contrasts with the performance of the W-26% Re-sheathed center
couples in Capsules I and II which gave reliable outputs for

24 and 26 hours, respectively.

Post-irradiation Examination

After irradiation each cgpsule was inspected, measured, and sectioned

for burnup analysis and metallography.

1.

Dimensional Measurements

The length and diameter of the inner capsules were measured and
are included in Table A-1 (Appendix), along with pre-irradiation

measurements. No significant changes were observed.

Burnup Analysis

Cesium-137 analysis for the three capsules (pellets #2,8) are
listed:

*¥Cf. part IV. D-2



TABLE 2

U0, BURNUP ANALYSIS:
e

Average Burnup:

Mwd

Capsule Cs137 (dpm/gVU) fissions/cc MTU

T 5.94 x 107 2,18 x 1017 7.93
6.85 x 10T

II 1.24 x 108 4,08 x 1olT 14,84
1.14 x 108

III 1.15 x 10° 4.39 x 10%7 15.96

1.41 x 10

The calculations were based upon fission yields given by Katcoff.(el)

Metallography

Metallographic samples were taken at the thermocouple hot junc-
tions of capsules I, II, and III as shown in Figures 9, 10, and
11, respectively. As Figure 9 shows, the inner ring thermo-
couples are situated at the outer terminus of the columnar grain

region in Capsule I.

Other cross sections show a slight increase in the diameter of
the columnar grain region toward the bottom of Capsule I. Appar-
ently the tapered, boronated sheath used to suppress the antici-
pated axial flux gradient was not completely effective. At a
position 1/2 inch above the bottom of the fuel stack, columnar
grains as long as 1/4 inch occupy 65% of the fuel diameter
(Figure 12). An autoradiograph from this section is shown in
Figure 13. The columnar grains in Capsule I are not quite sym-
metrical geometrically, indicating that a slight skew in the
neutron flux existed. The extent of grain growth in Capsules II
and IIT is essentially identical and somewhat exceeds that demon-

strated by Capsule I.

-10-



Iv,

RESULTS AND DISCUSSION

A.

Heat Transfer in Columnar Grains

The time-temperature plot from Capsule I (Figure 6) shows that the
UO2 was slowly brought to a center temperature of lTSOoC, the approxi-
mate threshcld for columnar grain formation., Reactor power was

then rapidly increased until the coolest inner ring thermocouple
reached 172000 and the corresponding center temperature was 20300C.
These conditions were maintained for 18 hours while all thermo-
couples were monitored with recording instruments. During this
period, an increase of approximately 100°C occurred in all fuel
temperatures. This increase was probably due to irradiation effects
on conductivity in the relatively cool outer regions of the fuel

in addition to the observed upward trend in the reactor flux level.
Two of the inner ring thermocouples failed about one hour after
power stabilization, possibly due to tantalum contamination of the
grounded hot junction. However, the center thermocouple, sheathed
in W-26% Re, and the coolest inner ring thermocouple performed per-

fectly throughout as did the NeK thermocouples.

Post-irradiation metallography (Figure 9) showed that one inner ring
thermocouple was situated exactly at the outer edge of the columnar
grains, This proved to be the only such thermocouple which did not
fail, and thus a continuous measurement of the temperature increment
AT across this region was obtained. The change in T can be pre-
cisely correlated with change in thermal conductivity if the measure-
ments are normalized to the AT existing at the onset of columnar
grain growth. This has been done in Table A-2, in which the initial

mean thermal conductivity across the columnar grain region, Ar, is

Ko ™ (kw/ft)O Ar . Ratioing this with mean conductivity at a later
(AT) (KW/ft/AT)

© time, t, gives the relative change:Kt /KO = KW/ft/AT)Z
as a function of time. The data have been plotted in Figure 14,

along with maximum error limits, and show that the change in thermal

conductivity due to columnar grain growth is only a (4 + 2-1/2%)

-11-



increase. This is very small compared with the increase postulated
(10, 13) for radiant transmission through columnar grains, and pro-
bably reflects a combination of fuel densification and the positive
temperature coefficient for UO2 conductivity above approximately
lhOOOC. The results of this test thus show that columnar grain

growth has essentially no effect on heat transfer in UO2 fuels,

This experiment has also provided the first direct measurements of
the temperature threshold for in-pile columnar grain formation.
Nine different radial thermal gradient measurements yielded colum-
nar grain growth temperatures between 1700O and 19OOOC, with a mean

of 1760°C.

Effect of Artificial Voids

The effects of irradiation on void size and distribution are illust-
rated in Figure 5B for Capsule I. Voids within the columnar grain
region tended to elongate along the fuel radius. Voids near the
cooler edge of the recrystallized region migrated toward the fuel
center, while those initially near the center appear relatively
immobile., This agrees with analytical predictions of void migration
rates, approaching zero as the thermal gradient goes to zero.(l3)
No effect of void size on migration rate was observed. Some of the
artificial voids in the columnar grain region were partially intact
even though they were surrounded by well developed columnar grains.
This suggests that mechanisms other than void migration are impor-

tant in forming columnar grains. Voids outside the columnar grain

region were unchanged in size and position, as expected.

The most significant feature in Figure 5B is the degeneration of
some of the artificial voids initially located near the fuel center
into aggregates of smaller, lenticular voids. These voids subse-
quently migrated toward the center carrying fission fragments with

them as evidenced by the activity depletion in the fuel regions

-12-



through which the voids have passed (Figure 5C). This observation
is important because it establishes the feasibility of spawning
mobile voids from relatively large internal cavities. Thermally-
induced cracks should make the most important contributions to this
mechanism; in fact, the circumferential cracks frequently observed

in irradiated UO, fuel cores may be the principal source of migrat-

ing voids. Thisepremise would explain why columnar grains are
often widest at their point of origin rather than tapered at both
ends as they should be if their formation required coalescence of
fine porosity into relatively large lenticular voids. This mechan-
ism also qualifies migrating voids as vehicles for fission frag-
ment redistribution since each thermal cycle of the fuel creates

thermal cracks which can propagate new generations of migrating

voids in fuel cores having significant prior burnup.

The autoradiograph of the spirally drilled pellet, shown in Figure 5C,
shows depletion of fission fragments in the recrystallized.portion

of the fuel. This region is bounded by a band of high activity
approximately 0.1 cm. wide. The cooler fuel regions have an inter-

mediate, uniform activity.

Figure 12 illustrates the maximum fuel grain growth which occurred
in Capsule I. The corresponding autoradiograph (Figure 13) shows
several clearly defined radial variations in fission fragment con-
centration. Particularly interesting is the annular activity-
depleted region immediately adjacent to the fuel center. The
occurrence of this region tends to confirm theoretical predictions
that void migration rates are a maximum at some finite radius and
not at the fuel center(lB). The region of maximum void wvelocity

should thus contain relatively few of those fission fragments which

are carried along by the moving voids. The center of the rod shows

-13-



an aggregation of lenticular voids, which supports the theoretical
predictions that void migration velocity reaches zero at the thermal
center. The role of these voids in carrying fission fragments is
borne ocut by the fact that they can be seen distinectly in this auto-

radiograph.

Integrated Thermal Conductivity
Figures 15 and 16 show fTC K, 005
tively. The out-of-pile6ggta of Godfrey and McElroy

dT for Capsules I and II, respec-
(19) are used
for low temperatures (T < llOOoC). The values of the integral as

a function of temperature were computed from the well-known relation-

ship(gg):

J~Tr kar = 4 I, (ka) = Ioler)

L (I/2)ka  I,(ka)

T 1
s
where 7 = UO2 temperature at a radius r from the center, °c
r
T = UO, surface temperature, °C

s 2

a = Fuel radius, cm

K = Thermal conductivity of UO,, w/em °C

q = Linear power rating, w/cm

k = Inverse diffusion length, cm"l

Io, I. = Modified Bessel functions (lst kind) of zero and first

1
order, respectively

Values of the dimensionless quantity (ka) used for Capsule I (0.64
w/o U-235) and Capsule II (0.82 w/o U-235) were ka = 1.90 and 2.05,

respectively. "Selni" cross-sections and the Wigner “rational

approximation" were used to derive the values of k employed in these
. (26)

calculations

~1k-



Power levels were computed from Cs-13T7 burnup data and gamma heating
estimated from critical experiments in the Mockup Reactor (MUR).

Time-average peak power levels were:

Capsule I 22.0 + 1.1 kw/ft
Capsule II 23.6 + 1.6 kw/ft
Capsule III 25.1 + 1.7 kw/ft

Variation of power as a function of time was determined from the

changes in coolant and NaK calorimeter temperatures, the difference

‘NaK-H_ O’
of AT vs time are shown in the time-temperature plots,

of which is proportional to power level, ie, qu{AT Values
Figures 6,7, 8. Although the Cs-137 analysis in Capsule II showed
a lower power rating, this is believed to be in error because of
center melting* and subsequent axial fission product redistribution.
Within the limits of calorimetry (v6%) the power level was the same
in Capsules II and III, and for purposes of comparing the two a

‘common value of 25.1 kw/ft was assumed.

Tables of deT values for all three capsules are included in the app-
endix for temperatures measured at the seven thermocouple positions
within the fuel. Variations within each of the clusters of three
thermocouples at the half-radius and edge of the fuel, respectively,
are due to corrections for a slight flux assymmetry, as revealed by

post-irradiation metallography (Figures 9, 10, 11).

The error band for Capsule I (Figurel%) includes the maximum error

due to the following factors:

1) Uncertainty in radial thermocouple locations. Since the ther-
mocouples had grounded hot junctions, this error is assumed to
be equal in magnitude to the entire width of the thermocouple

wells, 0,068 in.

*¥Discussed in Section D-l.

-15-



.

2) Uncertainty in thermocouple calibration, + 1%

3) Strip chart data uncertainty: #* 0.05 mv

Because of the large error inherent in absolute measurement of
[KaT (+25%), no attempt was made to derive a thermal conductivity
curve, K(T) vs T, from Figures 14 or 15. The error bands for
Capsules II and IITI do not include uncertainty in power level,

which is assumed to be the same for both capsules.

Figure 16 gives le 9th vs T for Capsule III., The curve was de-
rived by calculating fuel surface temperatures using gap conduct-
ances deduced from the Capsule II data. Since the diameter of

the UO pellet at the thermocouple hot junctions shrank to

1.941

1.2477 in. during the reduction annealing process, surface temp-

eratures were over 100°C higher at full power than in Capsule II.

D. Effects of Stoichiocmetry on Fuel Performance

1. Morphological Effects

The extent of grain growth in Capsules II and ITI is essent-
ially the same (Figures 10 and 11). One difference in grain
morphology was observed in comparing the U02 with the U02—x
fuel. Columnar grains in the UO2—x are relatively very
narrow, much like those observed in high burnup fuels. This
may be associated with the high concentration of uranium metal

precipitates present in the UO in Capsule IIT and generally

2-X
found in high burnup U02.

Examination of the cross-section of Capsule II (Figure 10)
reveals a second-phase region about the center of the pin.

This is probably due to impurities which recrystallized from

a low-temperature melting zone formed when the inner four ther-

mocouples reacted with the UC_, fuel, These thermocouples were

2
completely dissolved, as no trace could be found of them in

-16-



this metallographic specimen., Apparently UO2 stoichiometry
influences compatibility with the refractory metal thermocouple
components. This 1s substantiated by the observation of appar-
ently satisfactory performance of tantalum sheathed thermo-
couples at temperatures to 2100°C in UOE-X' These thermocouples
invariably failed above 1900°C when used in contact with stoich-

iometric UO2.

Heat Transfer

The increased thermal conductivity of UO observed at high

2-X
temperatures in out-of-pile experiments (15, 16) is thought
to reflect an electronic contribution to heat transfer. The

theoretical expression for this component is:
K 20 0 2
= 2(—= + p (Eg/2 +
K 2(6) Tlo 2 (Eg/2kT + 2)7]

where: Ke = electronic thermal conductivity component

k = Boltzmann constant

e = Charge on a charge carrier

T = Temperature (°K)

o_ = electrical conductivity due to holes

o, = electrical conductivity due to electrons

o = on + op, total electrical conductivity

Eg = Activation energy for exciting an electron into
the ccenduction band.

The total thermal conductivity for UO2 % excluding radiant effects
is the above expression plus the conductivity due to phonon

transfer,

i.e. K total = K + K .
rh e

~-17-



2)

Christensen(l has calculated the maximum electronic contribu-
tion to thermal conductivity (assuming Op = On), taking values
of Eg/2 = 0.95 ev and electrical conductivity data from Wolfe(23).
The electronic component is not significant below ~1L00°C but
might be very s?bgganfial in highly rated fuel elements, It has
1

been estimated that the heat rating necessary to cause cen-
ter melting in a fuel core could be increased up to 50% if the

maximum electronic contribution were realized.

Conventional stoichiometric or slightly hyperstoichiometric UO2
fuels do not demonstrate this increased conductivity, however,
despite evidence that uranium dioxide becomes substoichiometric

(214).

in those regions exceeding v1500°C during irradiation One
possible explanation for this is that oxygen evolved by thermal
reduction in the hot, central regions of a fuel pin is gettered
in the cooler surrounding regions (below 1500°C). Thus a com-
positional gradient would exist radially across the fuel, from
U02__X near the center to UO2+X
reduces thermal conductivity

at the edge. Since excess oxygen

(17)

» the electronic contribution
at high temperatures might be masked by less efficient heat
transfer in the hyperstoichiometric region. It has been postu-

lated(18)

that this situation could be obviated by using suffi-
ciently hypostoichiometric fuel to prevent the O-U ratio from
exceeding 2.00 in the low-temperature regions during irradiation.

, which by the
1.941 (25)

temperature-oxygen pressure-composition phase diagram 2 should

The fuel in Capsule IITI was chosen as UO
satisfy this condition.

Comparison of the nominal deT curves in Figures 15 and 16 gives

2250 2250
K2.OOS dT = 41.4 w/cm and £00K1-9”1 dT = 49.0 w/cm.
600

~18-



Thus, if one ratios the average thermal conductivities between

600 and 2250°C, one obtains a nearly 20% higher thermal con-

ductivity for the hypostoichiometric fuel, viz. K1.9h1/K2.005= 1.184,

From cglculations of the maximum electronic contribution to thermal
(12) feeso
L]

K
HON el

conductivity Comparison of the nominal

’\I -
dT - 7 w/cm

curves in Figures 14 and 15 gives a difference in integrated con-
ductivity of ~7.6 w/cm at 2250°C. This is approximately the same

as one calculates for the postulated high-temperature electronic
contribution. Thus, the experimental results are consistent with
the hypothesis that use of hypostoichiometric fuel enables a
high-temperature enhancement of thermal conductivity to be exploited

in-pile.

-19~



V.

SUMMARY OF RESULTS

A.

Columnar Grain Effects

The effect of in-pile columnar grain growth on UO2 thermal conductiv-
ity was a (L4 + 2.5)% increase. This is very small when compared

to the increases from radiant transmission through columnar grains
postulated by previous investigators. The small increase cbserved
can be explained by fuel densification and a positive temperature
coefficient for UO2 thermal conductivity above 1400°C. The results
of this test show that columnar grain growth has essentially no

effect on heat transfer in UO2 fuels.

Void Migration Effects

The effect of irradiation upon voids artificially drilled into the
face of a fuel pellet prior to irradiation was studied. Voids
located outside the columnar grain region were unchanged in size

and position whereas voids within the columnar grains tended to
migrate toward the center and change their shape. Autoradiographs
indicate that artificial voids near the center engendered small
lenticular pores which carried away fission products, leaving behind
depleted regions. The pattern of fission product redistribution by
lenticular pores seems to confirm the theoretical mechanism of UO

2
vaporization-condensation within the pores.

Integrated Thermal Conductivity

Integrated conductivity curves were drawn from temperature and power
measurements for Capsules I and II, containing UO2 005° Because of
low precision associated with these measurements, no attempt was

made to obtain a thermal conductivity curve by differentiation.

Effects of Stoichiometry

The mean thermal conductivity of UO between 600 and 2250°C was

1.941

nearly 20% higher than in UO irradiated under the same power

2.005
conditions. The results are consistent with a theoretical ambipolar

electronic contribution to thermal conductivity at high temperatures.

-20=
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APPENDIX

Tabulated Data for Capsules I, IT, III

Nomenclature:

deT = integrated thermal conductivity, w/cm

q = linear power rating, w/cm

T, = center temperature, °C

AT = +4{emperature drop across columnar grains

Ts = fuel surface temp., °C

Tr = temperature at a radius r within fuel

r; = 1inner ring thermocouple position within fuel

T, = outer ring thermocouple position within fuel

Ty Tps r3 specific thermocouples within inner or outer rings

Thus Toy refers to thermocouple #2 in the inner ring of thermocouples

(see Figure 3).
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Table A-1: CAP3ULE DIMENSIONAL DATA

Pellet Fuel/Clad
Capsule No. Dia. Thick. Diam., Gap Fuel Col. Length
I 1.250 0.460-0.510 0.0245 b, 413
IT 1.250 0.495-0.L96 0.0245 L. 459

I1I 1.245 - 1,250 0.483-0.495 0.0245-0,0297 4,4395

Pre-Irrad. Clad Post~Irrad. Clad Pre-Irrad. Can

I.D. 0.D. 0.D.*¥ I.D. 0.D.

I 1.27ks 1.3245 1.327-1.328 1.4hk59 1,54k
II 1.27hL5 1.324k 1.326-1.329 1.4458 1,54k
ITI 1.2745 1.324k 1.318-1.332 1.4458 1,54k

¥Readings taken at 0°, 90°, on four axial positions; numbers given

represent the range of values observed.
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RELATIVE CHANGE OF MEAN THERMAL

Table A-2

CONDUCTIVITY ACROSS COLUMNAR GRAINS (CAPSULE I)

kw/ft AT _5%%23_ %%%%%%%%%% Elapgége(Hrs) *
21.5 305 0.0705 1.000 0
21.1 294 0.071L 1.013 1/2
20.9 291 0.0719 1.020 1
20.9 290 0.0721 1.022 1-1/2
20.9 289 0.072k 1.026 2
20.9 289 0.0724 1.026 2-1/2
21.1 290 0.0726 1.030 3-1/2
21.2 292 0.0726 1.030 h-1/2
21.k 293 0.0728 1.032 5-1/2
21.5 295 0.0729 1.03k 6-1/2
21.7 297 0.0731 1.038 T-1/2
21.8 299 0.0731 1.038 8-1/2
22.0 301 0.0730 1.036 9-1/2
22,1 303 0.0729 1.03k 10-1/2
22.3 304 0.073Lk 1.0k2 11-1/2
22.4 306 0.0731 1.038 12-1/2
22.5 308 0.0730 1.036 13-1/2
22.7 310 0.0732 1.0L40 1h-1/2
22.8 312 0.0731 1.038 15-1/2
23.0 31k 0.0733 1.041 16-1/2

¥The time is measured from the start of

06—

columnar grain formation.



Table A-3

TABULATED DATA: CAPSULE

Tr
KaT

Ts

Tours Irradiation q Te, °a. TchT Tyy r21 r31 T0 1"20 r30
After Startup w/em .[Ts
L0653 q .0583 ql.0571 q| .0561 qf .0349 q|.0319 q|.0288 q

6.5 532 1750 347U 31.02 1{30.38 [29.85 |18.57 {16.97 [15.32
8.0 696 2030 45,45 40.58 139.7k |39.05 (24.29 |22.20 [20.04
9.5 683 2050 4k 60 139.82 [39.00 [38.32 |23.84 {21.79 |19.67
12.5 695 2070 45,38 ko.52 139.68 {38.99 |24.26 |[22.17 |20.01
16.5 T13 2089 k6.56 41.57 |bO.71 |L40.0O |24.88 (22.7h |20.53
18.0 T20 2095 47,02 b1.98 [41.11 |40.39 [25.13 [22.97 |20.Th
20.5 733 2113 47.86 42.73 {4185 |41.12 {25.58 (23.38 |21.11
2k.5 752 2131 k9,11 43.84 |42.94 |k42.19 |26.2h |23.99 |21.66
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I (Uo
I 2. 0052
Te }
v, f’i [, = !
Tr Tr, !
o o
' - ! %
14 | T2r | T | Tio | Tz2o | T30 1 (T T3 10 20 | T i
i !
i
|
600 - 1500 | 1122 | 1093 | 1006 | 12.45 - 14.53 | 16.17 ; 17.77 | 19.45 |
880 | 1850 | 1720 | 1230 | 1190 | 1070 | 16.29 | 17.5h{ 19.01 | 21.16 | 23.25 | 25.41 '
- - 1750 | 1240 | 1202 | 1078 | - - 18.65 | 20.76 | 22.81 | 25.93
- - 1770 | 1288 | 1220 | 1090 | - - 18.98 | 21.12 | 23.21 | 25.37 |
- - 1788 1262 1233 1100 - - 19.457 | 21.68 | 23.82 | 26.03 E
- - 1793 | 127y | 1232 | 1103 | - - 19.65 | 21.89 | 24.05 | 26.28 |
- - 1810 1287 1240 1106 - - 20.01 | 22.28 , 2Lk.48 | 26.75 j
- - 1818 | 1302 | 1242 | 1110 | - - 20.53 | 22.87 l 25.12 | 27.45 i
N )

e v et e
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Table A-L
TABULATED DATA: CA®
| T
i K4T
; Ts
fours After Te, °C Te
Jtartup qQ E4T
w/cm f’l‘s T, By ' 1-3:l 1o oo r3o 1 L
T L0634 q | .0572 q|.056k4 q!.oshe q| .034k4 q}.0335 q|.0325 q
| 15 7| sk | b.so 4.06 | 4.00 ' 3.89 1 2. | 238 | 23| 88| 7
2.5 270 1399 17.12 15.44 | 15.23 5 14.80 0 9.29 9.05 | 8.78 | 1332 | 12
375 438 | 1120 | 27iT7 25.05 | 2470 5 2k:00 | 15.07 | 14.67 | 14.2h | 159 | 15
; 5.0 545 | 190k § 34.55 31.17 | 30.7h ? 29.87 | 18.75 % 18.26 | 17.71 | 1Tkl | 17
| £.0 ‘622 2073 39.43 35.57 | 35.08 E 34.09 | 21.h40 i 20.84 | 20.22 1868 18
7.0 630 | 2089 39.94 36.0k | 35.53 | 3k.52 | 21.67 | 21.11 | 20.48 1873 18
8.5 715 | 2209 45.33 - 40.33 | 39.18 | 24.60 | 23.95 | 23.24 2 18
9.5 720 | 2215 45,65 - ; ko.61 i 39.4 | 24,77 | 2k.12 | 23.40 - 19
10.5 TTS | 2239 kg, 1k - - | - 26.66 | 25.96 | 25.19 - -
1.5 778 | 2045 49.33 - - - 26.76 | 26.06 | 25.29 - -
13.5 787 | 2250 4g,90 - - - 27.07 | 26.36 | 25.58 - -
15.5 795 | 2260 50.40 - - - 27.35 | 26.63 | 25.84 - -
19.5 810 - 51.35 - - - 27.86 | 27.1b | 26.33 - -
23.5 827 - 52.43 - - - 28.45 | 27.70 | 26.88 - -
27.5 8l | - 53.51 - - - 29.03 | 28.27 | 27.43 - -
29.5 852 | - 54.02 - - - 29.31 | 28.54 | 27.69 - -
-28-
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ULE II (U0, (0s5)
Tr, © f ™1 car “xar
TrO TI.O v
Ts, °
33 | T | Teo [T30 | T2 T2 T3 Tio | T20 | %30
833 | 78 | 60| 676 | 1.62 | 1.62| 1.58| 2.06 | 2.12 | 2.19 | -
1256 | 102k gi1| 9oy | 6.15 ' 6.18| 6.02| 7.83 | 8.07 | 8.34 | - g
1505 | 1093 986 | 1035 9.98 | 10.03 | 9.76 | 12.70 | 13.10 f 13.53 565 .
1611 | 1123 1087 | 1066 12.4k2 | 12,48 | 12.16 | 15.80 | 16.29 ' 16.84 526
V|o1793 | 1182 1164 | 1123 | 14.17 1b.24 | 1387 © 18.03 : 18.59 19.21 513
| 1809 | 1191 1180 | 1127 | 14.37 | 1h.42 | 14,04 1827 | 18.83 | 19.46 513 i
| 131 127 1260 | 119k - 16.38 15.9u; 20.73 | 21.38 22.09 480 ‘
} 1865 | 1280 1265 | 1190 - 16.49 | 16.06 | 20.88 | 21.53 | 22.25 480 _
i - 1359 1322 | 1263 - - - 22,48 | 23.18 | 23.95 478 |
i - 1382 1338 | 1273 - - - 22.57 | 23.27 | 24.05 -
- 1390 1350 | 1290 - - - 22.83 | 23.54 | 24.32 1480
- 1k10 1360 | 1300 - - - 23.05 | 23.77 | 2k.56 -
- 1460 1390 | 1330 - - - 23.49 | 24,21 | 25.02 -
- 1490 1410 | 1340 - - - 23.98 | 24k.73 | 25.55 -
- 1505 1430 | 1360 - - - 24,48 | 25.24 | 26.08 -
- 1519 14ko § 1371 - - - 2,71 | 25.48 | 26.33 -
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Te

TABULATED DA!

[
| ™
! Kar
i Ts
éffours After q ° Te
| Startup w/em | Te, C fTstT L T,y Tay 5 Top T35 r.
L0634 q | 0572 q(.056% q(.0548 q].034k q].0325 q}.0325 q
1.5 71 89k k.50 L,06 4,00 3.89 2.4k 2,31 2.31 i
2.5 270 1348 17.12 15.44 | 15.23 | 14.80 9.29 8.78 8.78 | L
3.5 438 1674 27.77 25.05 | 24.70 | 24.00 | 15.07 | 1k.2k | 14,24 |1
5.0 545 1878 34.55 31.17 | 30.7% | 29.87 | 18.75 | 17.71 | 17.71 {1
6.0 622 2004 39.43 35.57 | 35.08 | 34.09 | 22.40 | 20.22 | 20.22 |1
7.0 630 2023 39.94 36.04 | 35.53 | 3k.52 | 21.67 | 20.48 | 20.48 | 1
| 8.5 15 2168 ks, 33 40.90 | 40.33 | 39.18 | 24.60 | 23.2k | 23.24 P
L9.5 720 | 2168 45.65 41.18 | 40.61 | 39.46 | 24,77 | 23.50 | 23.4%0
10.5 775 2251 hg, 1k 44,33 | 43.71 | 2.7 | 26.66 | 25.19 | 25.19 | 2
11.5 778 - 49.33 44,50 | 43.88 | b2.63 | 26.76 | 25.29 | 25.29 | 2
13.5 87 - 49.90 45.02 | 44.39 | 43.13 | 27.07 | 25.58 | 25.58 | <
15.5 797 - 50 .40 - L. 84 - 27.35 | 25.84 | 25.8k4
19.5 810 - 51.35 - 45,68 - 27.86 | 26.33 | 26.33
23.5 g2t - 52.43 - - - 28.45 | 26.88 | 26.88
27.5 8hk - 53.51 - - - 29.03 | 27.43 | 27.43
29.5 852 - 54,02 - - - 29.31 | 27.69 | 27.69




le A-5
: CAPSUIE IIT (UOL9LL12
™, f“{m [T"m
Tro Tro
TSJ
oy F3q 16 Too | T30 | T1 Ta T3 Tio | T20 | T30
806 856 643 610 740 1.62 1.69 1.58 2.06 2.19 2.19 -
; 1212 1202 886 881 912 6.15 6.45 6.02 7.83 8.34 8.3k -
) 1510 1443 1032 10Lo 1007 9.98 | 10.46 9.76 | 12.70 1 13.53 | 13.53 | 706
1713 1628 1127 1125 107k 12.42 | 13.03 | 12.16 | 15.80 | 16.84 | 16.84 | 678
1838 1757 1194 1180 1137 k.27 | 14.86 | 13.87 | 18.03 | 19.21 | 19.21 | 660
1858 1771 1204 1185 1146 14,37 | 15.05 | 14,04 | 18.27 | 19.46 | 19.46 | 660
1991 1916 128k 1248 1209 16.30 | 17.09 | 15.94% | 20.73 | 22.09 | 22.09 | 619
1991 1921 1295 1252 1209 16.51 | 17.21 | 16.06 | 20.88 | 22.25 | 22.25 | 619
2081 2010 1344 1293 1280 17.67 | 18.52 | 17.28 | 22.48 | 23.95 | 23.95 | 594
) 2088 2030 1367 1304 1293 17.74 | 18.59 | 17.3% | 22.57 | 24.05 | 24.05 -
, 2123 2049 1382 1313 1304 27.94 | 18.81 | 17.53 | 22.83 | 24.32 | 2h.32 -
21ks - 1395 1335 1325 - 19.00 - 23.05 | 24.56 | 2k.s56 -
2280 - 1430 1350 1340 - 19.35 - 23.kg | 25.02 | 25.02 -
- - 1khs 1360 1350 - - - 23.98 | 25.55 | 25.55 -
- - 1465 | 1375 | 1365 - - - 24,48 | 26.08 | 26.08 -
- - 1481 1396 1382 - - - 2k, 71| 26.33 | 26.33 -
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FIGURE 5A ARTIFICAL VOIDS ULTRASONICALLY DRILLED IN UO,

PELLET BEFORE IRRADIATION. (PELLET DIAMETER = I.25").




FIGURE 5B ARTIFICIAL VOIDS AFTER |IRRADIATION.




FIGURE 5C AUTORADIOGRAPH OF PELLET CONTAINING

ARTIFICAL VOIDS.




SLIVMVOIN ‘N¥3MOd HOLOVIM

{S002 = /O) "I 3NSIVD - ALIALLDNONOD WHNH3HL - 20N NI NOLNSINLSIO JuNLVH3JWAL 9 yMILY
SYNOH  ‘3miL
® ” 44 oz ® 9l » 2 ol 8 9 v 2 [N
|
_ _ _ I _ _ _ _ _ _ I e
- Ot
- 09
~ 08
=001
™ OCI
L O%H - xOZA 19) . : .l_ml
wd M ]
F mw. ! “,Lvlclmlu_. mnm._looo
- wigLo = o.\. ooooooo ._“J\Lu L_| ]
.Ir wyee 0 = 171 1!.mvlll “|L—IL||I'I_ u
b — e — o—— - ——
Tt § H3INID 1303 PR i I — 000!
- r-IJ. ||||||||||||||||||||||| J 'L—IIT'L I
lju_ P jjmeTTmT T T «..hﬂul.._l_ — B
. 4 ]
lllllll ! - 0021
T e e e —————— e T T e - -
_l.pr.lll _ 4 e mmmmTTTE T
S Y
H | - L oows
L _
—Il.l-
1 . | - ooo
1 _ M
L .
|
1 I +{ oo®
L, !
! TUv4 OL N1938 SININOJOWHIHL i
i | ; - 0002
I e
_ R -
T - H ooz2
1 | _ | I | _ | | |
op sz [4bv s o |ov| ov joeps| 82 {S2Pg &
St

do dW3l

3, '3¥NLVYIANIL



(S002 » VD) I TSV - ALIAILINONDD TVIRN3HL - ZON M NOLLNBIYLSIO FUNLVEINGL 4 3wy

SUNOM *INU
» Lod w [+ 2 ® x »” 2t o [ -4 ” »” = [+ 4 ] ] w 2 -]
T T ——r-r-r—r—r Ty Tt T 377+ ot T
;
e e e — . ——— e ———
h % - wo
8 ° N(19)
L 1
1
b
5 . - 4
Lo e % = Hooor £
- °
_r" wUD Wi —e——— - g .m 2
i : - :
4 ‘ -0 = Wi ——— \.u E}
L _U UKD BY ——— Wl‘llﬁllll-ﬂ.lhc\l.\ doc1 A
i ——
T e e 5 4
o broo oo R RSt e - ~oowi
A T —
“erepocmnenmnnnees
= ﬂ/ - 009
y
N
o / 0081
. —
-~ -
v 0L 938 STWOOoMNIML o002
. o
! \ o ] nz
.//I.\\.I\‘ e e e - e o -
o <0092
1 1 ' i 1 L 1 J. L L 1 L -l 1 i H i 1 1 A1 L ] 1 5 L L 1. i i 1 1 i Al L 1 L 1 L. A
.ﬂg 05 147 oS _ oy _9 o RO




9615N/0) I FMNSIVD - ALIALLINONGD TWINHIHL - 20N NI NOUNGIMLISIO Funivy3deal 8 umid

SUNoW  “Imwu

®” 2w ® 8 % w2 O ] S > 2
—Tr-rTr T 77T 717 o ror T,

THILE

do dW3L

O%H - ¥ON( | g) =

'\

:
¥
| »
|
!
‘x
&
|
1
§

N 1}
- =« Y — " 2
— e o peehrae — —0021 X
W By W\Hlﬂun\l.l - 5
P G—— “
#ﬂ‘ |||||l\||'k. —— M
i R oo 3
]

;

§

5§ 3




FIGURE 9 CAPSULE 1 FUEL SECTION AT THERMOCOUPLE HOT JUNCTION.

FUEL DIAMETER = 3.8 cm.




FIGURE 10 CAPSULE T CROSS SECTION AT THERMOCOQUPLE

HOT JUNCTIONS.




FIGURE 11 CAPSULE T CROSS SECTION AT THERMOCOUPLE

HOT JUNCTIONS.




FIGURE 2  FUEL SECTION WITH MAXIMUM GRAIN GROWTH.




FIGURE 13  AUTORADIOGRAPH OF FUEL SECTION WITH

MAXIMUM GRAIN GROWTH.
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